The prolate ellipsoid geometry of the left ventricle with normally related great arteries minimizes wall tension and functionally commits the ventricular septum to the systemic ventricle. Ageand pressure-dependent changes in angiographically determined left ventricular volume and mass measurements have been reported in patients with d-transposition of the great arteries and intact interventricular septum. The objective of this study was to evaluate the changes in left ventricular geometry in this lesion during infancy by means of subxiphoid two-dimensional echocardiography. Left ventricular geometry in the transverse equatorial plane of the ventricle was evaluated in 19 neonates within 24 hr of initial cardiac catheterization, in 16 of 19 within 24 hr of cardiac catheterization before performance of Senning's-procedure, and in five of 19 after postoperative catheterization. Ventricular geometry was qualitatively evaluated according to ventricular septal orientation and quantitatively by correlation of the left and right ventricular systolic pressure ratio with the transverse minor axis ratio. Qualitative changes in left ventricular geometry during infancy and after intra-atrial baffle procedure were demonstrated by subxiphoid two-dimensional echocardiography. The end-systolic transverse minor axis ratio showed significant correlation (r = .58, p < .001) with the peak systolic pressure ratio. The evolution of dynamic left ventricular outflow stenosis in patients with d-transposition of the great arteries and intact interventricular septum was related to, but not solely determined by, the progressive change in left ventricular geometry. Changes in left ventricular geometry in d-transposition of the great arteries with intact ventricular septum may have functional implications regarding angiographic volume determinations and timing of arterial "switch" procedures.
THE SYSTEMIC LEFT VENTRICLE is a prolate ellipsoid with circular geometry in the transverse equatorial plane.' 2 This configuration minimizes wall tension and functionally commits the interventricular septum (IVS) to the left ventricle.3 Two-dimensional echocardiography has demonstrated changes in left ventricular geometry caused by volume overload of the right ventricle.4 Pressure-dependent changes in left ventricular geometry in d-transposition of the great arteries (d-TGA) and intact IVS have been observed by means of M mode echocardiography.S 6 Hemodynamic problems associated with switching ventriculoarterial attachments in this lesion have been attributed to poor left ventricular function related to decreased mass.7'8 Lev et al.,9 however, using postmortem morphometrics, reported that the left ventricular mass in d-TGA with intact IVS was normal during the first 3 months of life. Others have reported age-and pressuredependent increase in angiographically determined diastolic volume and mass.'0'" The objective of this study was to evaluate left ventricular geometry in patients with d-TGA and intact IVS and the relationship of any changes in left ventricular afterload, preload, and dynamic outflow tract obstruction to previously reported angiographic volume/mass measurements.
Materials and methods
Subxiphoid two-dimensional echocardiograms were obtained from 19 neonates with d-TGA and intact IVS at 1 to 6 days of age within 24 hr before balloon atrial septostomy. Repeat echograms were obtained within 24 hr of cardiac catheterization before performance of Senning's procedure in 16 of 19 infants 3 to 9.5 months of age (median 6). Repeat measurements were obtained at postoperative catheterization in five of 19, 5.5 to 22 months of age. Long axial oblique left ventricular cineangiography was used to exclude neonates with fixed subpulmonic stenosis. 12. 13 Intraventricular and intravascular pressures were recorded at cardiac catheterization with a Hewlett Packard 1280C or Gould Statham P23 pressure transducer and a Hewlett Packard 8890 recorder.
Technique. Subxiphoid two-dimensional echocardiographic studies were performed with the patient supine by means of a Picker 80 CI Echoview System with mechanical sector scanner at 40 to 60 degree sector angle. an image rate of 45 to 60/sec. and a variable line density. A 5 MHz, 13 mm active element diameter short-or long-focus crystal was used for patients under 12 months of age. Older subjects were studied with either a 5 MHz long-focus or 3.5 MHz, 13 mm active element diameter medium-focus crystal. Stop-frame images of ½/2 inch Sanyo video recordings were photographed on 084 Polaroid film with a Tektronics C-50/C-70 series Land Pack camera.
Left ventricular geometry was evaluated in the transverse equatorial plane of the ventricle. 14 The cross section was standardized to display the tips of both papillary muscles at the level of chordal insertion. Left ventricular geometry was evaluated qualitatively by the bowing of the IVS into the right ventricle (type I) or left ventricle (type III) (figure 1). Vertical orientation of the IVS was classified as type II. The ratio between the anterioposterior and superoinferior minor axis in the transverse plane was used as a quantitative index of these geometric types. The minor axis ratio (MAR) was determined at end-diastole (onset of ventricular depolarization) and end-systole (maximum 734 systolic excursion of endocardium) during three cardiac cycles and expressed as a mean value (figure 2, table 2 ).
The left ventricular geometry, including end-diastolic and end-systolic MAR, was evaluated in a similar manner in 30 subjects, day to 6.5 months of age (median 46 days), in whom there was no clinical evidence of cardiopulmonary disease. Data analysis. Echocardiographic measurements were made independently by two investigators. Intraobserver variability was less than 10% as estimated by the reliability coefficient. Interobserver variability was reviewed by two-way analysis of variance. No significant difference was noted. Ventricular pressure data, i.e., peak left ventricular and right ventricular systolic and end-diastolic pressures, were evaluated by two-sided paired t test. Right and left ventricular peak systolic pressure ratio (SPR) and MAR in types 1, [l, and III of the newborn group were compared by the Wilcoxon rank sum test. The correlation coefficient relating the SPR and MAR was computed for each group. The sample coefficients were combined into a common correlation coefficient, the significance of which was calculated. 5
Results
The hemodynamic and two-dimensional morphometric data in patients with d-TGA and intact IVS at initial, preoperative, and postoperative catheterization are summarized in tables 1 and 2. Distribution of patients by end-systolic geometry is outlined in table 3. Table 4 relates the peak left ventricular to right ventricular SPR to the type of end-systolic left ventricular geometry. The end-systolic MAR for each study group is plotted in figure 3 and compared with geometric type in table 5. The MAR could not be determined in two patients at preoperative echocardiography because of inadequate visualization of the left ventricular free wall endocardium. The ductus arteriosus was patent at initial catheterization in 18 of 19 newborns and was patent in one, closed in 13, and unevaluated in five at preoperative catheterization. d-TGA, intact IVS: initial examination. The hemodynamic and two-dimensional morphometric data for this group are summarized in tables and 2. Left and right ventricular peak systolic pressures differed significantly (p < .001), with a mean difference of 15 mm Hg. End-systolic left ventricular geometry as visualized echocardiographically was less uniform than that in the normal subjects. In neonates with d-TGA and intact IVS, only four had type 'ES while 13 had type IIES and two had type IllES. There was no significant difference for the left ventricular/right ventricular peak SPR or MAR between patients with type 'ES or type "ES. Although a significant difference (p -.05) in the pressure ratio was present when type "'ES was compared with type LI, these data must be considered in light of the small sample size in the group with type "'ES.
There was, however, no significant difference in MAR value between type III and type IL. Although end-diastolic geometry was also less uniform compared with that in normal subjects, no significant difference was found between right and left ventricular end-diastolic pressures. d-TGA, intact IVS: preoperative examination. The hemodynamic and two-dimensional morphometric data for this group are summarized in tables 1 and 2. A significant difference (p < .001) was present between left ventricular and right ventricular peak systolic pressures. A pulmonary artery to left ventricle pressure recording was available in 13 infants. The outflow tract gradient ranged from 7 to 45 mm Hg and was less than 20 mm Hg in nine of 13. Type 'ES was not present in this group. Fifteen patients had type JILES. One patient had type II. The MAR at end-systole was significantly lower at the preoperative echocardiographic examination when compared End Systolic MAR with neonatal values analyzed by paired t testing. No significant difference in MAR values was found between patients with type "'ES geometry.
Ten patients had type TIED while six had type "'ED.
The interatrial defect, however, was unrestrictive in all patients, and no significant difference was demonstrated between right and left ventricular end-diastolic pressure. d-TGA, intact IVS: postoperative examination. Five patients, 5.5 to 22 months of age, were restudied after undergoing Senning's procedure. In the three patients with excellent results there was little change from the preoperative peak SPRs and there was no change in end-systolic geometry from preoperative type III. Two of these three patients had left ventricular outflow tract gradients of 3 and 9 mm Hg; in the remaining patient the outflow gradient could not be measured but the left ventricular pressure was low (33 mm Hg). The endsystolic MAR ranged from 0.26 to 0.41. Preoperative type "ED became type IIED postoperatively in two patients, while type "'ED reverted to type IED in one. The MAR at end-diastole ranged from 0.38 to 0.65 and was greatest in the patient with type "ED. There were no residual interatrial shunts and no consistent interval change or absolute difference between right and left ventricular end-diastolic pressures.
The two remaining patients had significant pulmonary venous obstruction with pulmonary artery hypertension. In patient 2, a 50% increase in left ventricular/ right ventricular peak SPR over the preoperative value was associated with a reversion to type "ES geometry and an increase in end-systolic MAR. Although similar changes in end-diastolic type and geometry occurred, there was no difference between left ventricular and right ventricular end-diastolic pressures. Patient 16 underwent Senning's procedure at 4 weeks of age and presented moribund at 5 months of age with left ventricular/right ventricular peak SPR of 1.53, type 'ES geometry, and a marked increase in the endsystolic MAR (0.86, compared with the neonatal value, 0.54).
Discussion
The minor equator of the left ventricle is circular with normally related great arteries.2 This transverse geometry allows the interventricular septum to function as part of the systemic ventricle and is an efficient means of transferring systolic wall tension to intracavitary pressure.' Subxiphoid two-dimensional echocardiographic type 'ED,ES qualitatively approximates the transverse plane of the normal prolate ellipsoid model for the left ventricle. The absence of significant cyclic 737 . i VAN DOESBURG et al. variation in the MAR is consistent with symmetric, circumferential fiber shortening.
Reversal of septal curvature has been found with two-dimensional echocardiography in patients with right ventricular volume overload'6 and in normal subjects performing the Mueller maneuver.4 The changes in left ventricular geometry on subxiphoid two-dimensional echocardiograms of infants with d-TGA and intact IVS reflect a complex adaptation to a parallel cardiopulmonary circulation. End-systolic MAR showed a significant correlation (r -.58, p < .001) with the left ventricular/right ventricular peak SPRs, (table 4) . The presence of an unrestrictive interatrial septal defect preoperatively and the persistence of preoperative geometry after an uncomplicated Senning procedure limit the influence of preload or end-diastolic pressure in determination of left ventricular geometry in systole. In infants with d-TGA and intact IVS, the observed transition of left ventricular geometry in systole more likely relates to decreasing left ventricular afterload with the maturation of the pulmonary vasculature.
It is not surprising that the lowest correlation between MAR values and peak systolic pressure ratios occurred in the newborn group with d-TGA and intact IVS. Equilibration of left and right ventricular pressures in the fetus maintains left ventricular geometry until parturition results in increased systemic and decreased pulmonary vascular resistances. In three newborns the presence of type IES probably reflects individual responsiveness to postnatal changes in pulmonary vascular resistance.
The transition in left ventricular geometry demonstrated by subxiphoid two-dimensional echocardiography in infants with d-TGA and IVS has functional implications regarding angiographic volume determinations and timing of arterial "switch" procedures. The length-area technique has been used by several investigators for estimation of end-systolic and enddiastolic volumes.'°0 11 This technique assumes a spherical or elliptical ventricular geometry with planimetered cross-sectional areas of the left ventricular image in the anterior-posterior and lateral projections of the left ventricular cineangiogram. '7 In types I and II, the perimeter of the lateral ventricular image would include only the left ventricle. In type III, however, the lateral projection includes a variable area of right ventricle adjacent to the posteriorly bowing IVS. Angiographic volumes under these latter circumstances may be overestimated unless a reciprocal error was made with the ventricular image in the anterior-posterior projection. This speculation is consistent with the an-738 giographic volume data of others. Keane et al. 10 found normal left ventricular volume in infants (median age 33 hr) with d-TGA and intact IVS by means of the length-area technique. In our echocardiographic series the presence of type 'ES and "ES geometry in the majority of neonates with d-TGA and intact IVS would not distort the planimetered ventricular images. However, the effect of left ventricular geometry on preoperative length-area volume determinations is more complex. Type "'ED may overestimate left ventricular end-diastolic volumes by including the right ventricle on the lateral ventricular image. The presence of type "ED"'ES could result in underestimation of stroke volume and pulmonary blood flow. This problem is consistent with observed discrepancies between values determined by the Fick method and those determined angiographically. 10 These differences may be minimized by the use of biplane angled cineangiographic views. 12 Superimposition of the left ventricular apex and base with the inclusion of the paraseptal right ventricle would be eliminated by a long axial oblique projection. This view combined with its orthogonal projection would still permit application of the length-area technique for volume determinations.
The prolate ellipsoid structure of the left ventricle in normally related great arteries is a geometric compromise that reduces wall tension in systole and diastole. The transition in left ventricular geometry in infants with d-TGA and intact IVS functionally commits the IVS to the right ventricle. The posterior bowing of the IVS results in a more spherical transverse right ventricular geometry and minimizes energy expenditure of the right-sided systemic ventricle. The transition in left ventricular geometry during early infancy in patients with d-TGA and IVS begins as a passive adaptation to changes in transseptal pressure as pulmonary resistance decreases. The reversibility of this process may depend on structural changes in the septal myocardium. Distortion of myocardial architecture in the region of septal attachments to the left ventricular free wall has been reported with posterior septal bowing in infants with total anomalous pulmonary venous return. 18 Similar changes in older infants with d-TGA and intact IVS may explain left ventricular dysfunction with acute afterloading after arterial switching. Earlier intervention, i.e., switching of great vessels before changes in left ventricular geometry, may be an alternative to the preparative pulmonary artery banding and systemic pulmonary shunting advised by Yacoub et al.7 The relationship between geometry determined by subxiphoid two-dimensional echocardiography and the dynamic left ventricular outflow gradient suggests that posterior septal bowing is not the sole determinant of the magnitude of obstruction in infants with d-TGA and intact IVS. Subxiphoid two-dimensional echocardiographic type III was present in 12 of 13 infants before performance of Senning's procedure; however, only four of 12 had a gradient exceeding 20 mm Hg. No patients with an uncomplicated Senning procedure had an outflow gradient in excess of 20 mm Hg despite marked posterior septal bowing. No gradient was observed in the postoperative patients with type IES or IIES and pulmonary venous obstruction. Type 'ES and "ES with greater MAR values would limit apposition of the anterior mitral leaflet and the IVS at end-systole.
Conclusion
Alteration of left ventricular geometry in simple d-TGA is an adaptation to a low-pressure pulmonary left ventricle and systemic right ventricle. Longitudinal follow-up of these patients by means of subxiphoid two-dimensional echocardiography revealed a significant correlation between the MAR in systole and the left ventricular/right ventricular peak SPR. These changes in ventricular geometry may distort angiographic estimation of left ventricular volume and mass by the length-area technique unless biplane angled views are used to eliminate the right ventricle from the left ventricular image. The evolution of dynamic left ventricular outflow stenosis in d-TGA with IVS is related to, but not solely determined by, the change in left ventricular geometry during early infancy.
